[1] Hydration and partial melting along subducting slabs can trigger Rayleigh-Taylor-like instabilities. We use 3-D petrological-thermomechanical numerical simulations to investigate small-scale convection and hydrous, partially molten, cold plumes formed in the mantle wedge in response to slab dehydration. The simulations were carried out with the I3ELVIS code, which is based on a multigrid approach combined with marker-in-cell methods and conservative finite difference schemes. Our numerical simulations show that three types of plumes occur above the slab-mantle interface: (1) finger-like plumes that form sheet-like structure parallel to the trench, (2) ridge-like structures perpendicular to the trench, and (3) flattened wavelike instabilities propagating upward along the upper surface of the slab and forming zigzag patterns parallel to the trench. The viscosity of the plume material is the main factor controlling the geometry of the plumes. Our results show that lower viscosity of the partially molten rocks facilitates the Rayleigh-Taylorlike instabilities with small wavelengths. In particular, in low-viscosity models (10 18 -10 19 Pa s) the typical spacing of finger-like plumes is about 30-45 km, while in high-viscosity models (10 20 -10 21 Pa s) plumes become rather sheet-like, and the spacing between them increases to 70-100 km. Water released from the slab forms a low-viscosity wedge with complex 3-D geometries. The computed spatial and temporal pattern of melt generation intensity above the slab is compared to the distribution and ages of volcanoes in the northeast Japan. Based on the similarity of the patterns we suggest that specific clustering of volcanic activity in this region could be potentially related to the activity of thermal-chemical plumes.
Introduction
[2] Although detailed numerical modeling of subduction zone processes is typically two-dimensional, along-trench variations in subduction zone magmatism [Honda and Yoshida, 2005; Honda et al., 2007; Tamura et al., 2002; Zhao et al., 2002] , seismic data [e.g., Tamura et al., 2002; Zhao et al., 2002 Zhao et al., , 2009 demonstrate that subduction is inherently threedimensional (3-D). This 3-D character has been explored with thermomechanical models [e.g., Stegman et al., 2006; Honda and Saito, 2003; Honda et al., 2002 Honda et al., , 2007 Lee and King, 2009 ]. Here we expand on these studies by incorporating the effects of dehydration/hydration processes and water transport above slabs [Gerya and Yuen, 2003b; in a 3-D petrological-thermomechanical model for intraoceanic subduction.
[3] Dehydration of subducting slabs and hydration of the overlying mantle wedges are key processes controlling magmatic activity in subduction zones [Stern, 2002; van Keken et al., 2002; van Keken and King, 2005] .The process has been investigated from geophysical [Fluck et al., 2003; Zhao et al., 2002] , numerical [Arcay et al., 2005; Davies and Stevenson, 1992; Gerya et al., 2006; Nikolaeva et al., 2008] , analog [Poli and Schmidt, 1995; Schmidt and Poli, 1998 ], and geochemical [Ito and Stern, 1986; Sajona et al., 2000] perspectives. Despite the progress in understanding mantle wedge processes, detailed thermal structure and melting patterns above slabs are still puzzling. Particularly, the relative importance of slab melting [e.g., Keleman et al., 2004; Nikolaeva et al., 2008] versus melting induced by simple thermal convection [Behn et al., 2007; Honda and Saito, 2003; Honda et al., 2002 Honda et al., , 2007 and/or thermal-chemical plumes (diapirs) [Gerya and Yuen, 2003b; Gerya et al., 2004c; Gorczyk et al., 2007b; Hall and Kincaid, 2001; Manea et al., 2005; Obata and Takazawa, 2004 ] to melt production in volcanic arcs is not well understood. For example, as discussed by Kimura and Yoshida [2006] , Quaternary lavas from NE Japan arc show geochemical evidence of mixing between mantle-derived basalts and crustal melts at the magmatic front, whereas significant crustal signals are not detected in the rear-arc lavas. Honda et al. [2007] also analyzed the spatial distribution of volcanism in the northeast Honshu arc, and found that it exhibits several ''flip-flopped'' clusters elongated nearly perpendicular to the arc and the possible migration of volcanism from the back-arc side to the volcanic front side. Such notable magmatic variability requires further insight from 3-D numerical modeling.
[4] Honda and coworkers [Honda and Saito, 2003; Honda et al., 2002; Honda and Yoshida, 2005; Honda et al., 2007] proposed the development of small-scale convection for low enough viscosity in the low-viscosity wedge (LVW) [Billen and Gurnis, 2001; Conder and Wiens, 2007; Honda and Saito, 2003; Honda et al., 2002; Honda and Yoshida, 2005] and suggested that small-scale convection is likely to occur when the viscosity of the LVW is <10
19 Pa s, and that a roll (finger)-like pattern of hot (upwellings) and cold (downwellings) anomalies emerges in the mantle wedge above the subducting slab [Honda and Yoshida, 2005; Honda et al., 2007] . But only 2-D petrological-thermomechanical models with water transport and melting in subduction zones have been used to study (1) spontaneous formation of a LVW by hydration of the mantle wedge [Arcay et al., 2005 [Arcay et al., , 2006 , (2) growth dynamics of diapiric structures (''cold plumes'') above the subducting slab [Gerya and Yuen, 2003b; Gorczyk et al., 2007a Gorczyk et al., , 2007b , and (3) variation in seismic velocity beneath volcanic arcs Hasegawa, 2003a, 2003b] .
[5] In this study, we develop a 3-D petrologicalthermomechanical model of intraoceanic subduction. The numerical code, I3ELVIS, is based on finite differences schemes and marker-in-cell techniques combined with multigrid approach, which is a new additional feature to the previous I2ELVIS code in 2-D [Gerya and Yuen, 2007] . The model includes a spontaneously bending retreating slab with a free surface as well as phase transformations and water transport [Nikolaeva et al., 2008] . We focus in particular on 3-D effects of hydration and melting of the mantle wedges including variations in geometries and patterns of hydrous thermalchemical upwellings (''cold plumes'') formed above the slab. A possible application of our 3-D numerical study to natural magmatic phenomena is to compare numerical results with arc Quaternary volcanic activities along the Northeast Japanese arc.
Numerical Model

Initial and Boundary Conditions
[6] The present 3-D model as a reference model is a retreating slab intraoceanic subduction model [Nikolaeva et al., 2008] including four major rock compositions (Table 1) . The spatial domain is a 200 km deep box that is 808 km long orthogonal to the subduction zone and 200 km wide. This domain is resolved by 405 Â 101 Â 101 grid points with 30-50 million randomly distributed markers. The oceanic crust is represented by a 3 km thick upper layer of hydrothermally altered basalt above a 5 km thick gabbroic section, and the mantle consists of anhydrous peridotite (Figure 1a) . The oceanic crust does not include sediments, but sediments spontaneously fill the trench after its depth reaches 8 km in order to mimic the natural geological phenomena.
[7] In the models, subduction is initiated along a prescribed weak fracture zone separating oceanic plates of different ages [Hall and Kincaid, 2001 ]. This zone is 30 km wide and 30 km thick and continues along the plate boundary. It consists of mantle rocks with wet olivine rheology [Ranalli, 1995] and high pore fluid pressure resulting in the low plastic strength of 1 MPa. During subduction this zone is replaced by weak subducted crustal rocks (basalts and sediments) and hydrated mantle, creating favorable conditions for a retreating onesided subduction . The initial thermal structures for both oceanic plates correspond to their imposed ages (1 and 70 Ma for the left and right plates, respectively) with an oceanic geotherm [Turcotte and Schubert, 2002] . The thermal boundary conditions are constant temperature (273 K) at the upper boundary, thermally insulated vertical boundaries, and a heat flux boundary condition at the bottom of the model [Gorczyk et al., 2007b ]. An external constant temperature condition simulating an additional mantle volume present below the bottom of the model is implemented by using the following relation: @T/@z = (T external À T)/Dz externalT , where T external = 1700 K is the temperature at the external thermal boundary, Dz externalT = 200 km. This condition allows variation of both temperatures and heat fluxes at the lower boundary in response to subduction.
[8] No plate velocity is applied in our model. The velocity boundary conditions are free-slip, except for the lower boundary, which is permeable in vertical direction [Gorczyk et al., 2007b] , and no slip for right boundary. Infinite-like external freeslip conditions [Burg and Gerya, 2005] along this boundary imply that the free-slip condition is satisfied at an external mechanical boundary located at depth (2000 km) below the model bottom. The external free-slip condition, which is similar to usual free-slip condition, allows global conservation of mass in the computational domain and is implemented by the following limitation for velocity components at the lower boundary:
where Dz externalV = 2000 km is the vertical distance from the bottom of the model to the external mechanical boundary where free slip is satisfied. [Plank and Langmuir, 1998 ]; basalt is an average for the upper 500 m of the igneous section of the oceanic crust [Staudigel et al., 1989] ; gabbro is a synthetic composition for the gabbroic section of the oceanic crust [Behn and Kelemen, 2003 ], modified to contain up to 1.5 wt % water to represent the effects of lower crustal hydrothermal alteration [Carlson, 2001] ; and peridotite is the LOSIMAG composition [Morris and Hart, 1986] chosen to represent mantle peridotite. The compositions have been simplified by the omission of minor elements such Mn, P, Ti, and Cr and the assumption that all Fe is ferrous; additionally, CO 2 has been removed from the GLOSS sediment composition. Table 4 ). Colors for composition field are numbered as follows: 0, air; 1, seawater; 2 and 3, sediments (2 indicates solid, and 3 indicates molten); 4 and 5, basaltic crust (4 indicates solid, and 5 indicates molten); 6 and 7, gabbroic crust (6 indicates solid, and 7 indicates molten); 8, sepentinized mantle; 9, solid hydrated mantle; 10, dry lithospheric mantle; 11, dry asthenospheric mantle; 12, partially molten hydrated mantle.
Geochemistry Geophysics
[9] The slab's width is assumed infinite in our model. During simulation the computational model domain with an 808 km width moves along the slab from left to right together with the retreating trench. Additional slab and mantle sections are provided from the right side of the model. We also ensure that the spreading center in response to the cooling and extension of the young plate on the left does not move out of the computational domain. This is achieved by placing a 100 km wide zone along the left boundary in which plastic strength of the mantle decreases linearly outward (i.e., sin(8) decreases from 0.6 to 0.1, where 8 is a friction angle, Table 2 ).
[10] The top surface of the oceanic crust is calculated dynamically as an essentially internal free surface by using a 10 km thick buffer layer of ''sticky air'' [Gerya and Yuen, 2003a; Schmeling et al., 2008] . It has low viscosity (10 18 Pa s) and density (1 kg/m 3 for the atmosphere, 1000 kg/m 3 for seawater prescribed in the weak layer below z = 8 km water level). The large viscosity contrast caused by these low-viscosity boundary layers minimizes shear stresses (<10 4 Pa) at the top of the solid portion of the model [Burg and Gerya, 2005] .
Petrological-Thermochemical Model
[11] Mineral phase transformation, such as dehydration reactions and melting, can affect the physical properties of rocks during the subduction process. Here we use a petrological-thermomechanical numerical modeling approach [Gerya et al., 2004b Nikolaeva et al., 2008; Ueda et al., 2008] with all in situ rock properties including effective density, isobaric heat capacity, thermal expansion, adiabatic and latent heating as well as equilibrium water and melt content. All these rock properties are calculated for the Lagrangian rock markers at every time step based on Gibbs free energy minimization [Connolly and Petrini, 2002; Connolly, 2005] as a function of the local pressure, temperature and rock composition (Table 2 ). In particular, the in situ rock density is interpolated for every marker at each time step from the look-up density tables (in P-T space) precomputed with PERPLE_X program for the four rock compositions (Table 1 ). More details on the computation of various in situ rock properties for thermomechanical models are given by Vasilyev et al. [2004] .
[12] Thermodynamics properties of fluids, melts, and minerals for this calculation are taken from an internally consistent thermodynamics database (Table 3 ). In the model, water is expelled from the subducted oceanic crust as a consequence of both dehydration reactions and compaction. The additional connate water content of the basaltic and sedimentary crust is assumed as a linear function of depth.
where X H 2 O p0 ð Þ = 2 wt.% is the connate water content at the surface, Dz (km) is the depth below the surface in km (0-75 km). The release of this water also mimics the effects of low-temperature (T < 573 K) reactions not included in our thermodynamic database. According to our model, water released from the slab creates a rheologically weak hydrated zone between the plates that ensures self-sustaining retreating subduction . To simulate the migration of water released by dehydration process, we use independently moving rock and fluid markers [Gorczyk et al., 2007a] . A fluid marker with respective water amount is generated and moves upward until it reaches a lithology that assimilates water, which can account for water transport. Following Nikolaeva et al. [2008] the velocity of water is computed as
where z is the vertical coordinate pointing downward, x and y are the horizontal and lateral (along strike) coordinates, respectively; v x , v y and v z indicate the local velocity of the mantle, v z(percolation) = 10 cm/yr, an assumed parameter [Gorczyk et al., 2007b; Peacock, 1990] , characterizing the upward speed of free water through the mantle. The free water is consumed by hydration and melting reactions in the mantle. Consequently, the propagation of the hydration/melting front in the mantle wedge is limited by the availability of water. This propagation is thus related to the rate of subduction which brings water to depths [Gerya et al., 2002 .
[13] The effective viscosities of mantle rocks are calculated as a function of temperature, pressure and strain rate (Table 3) by using experimentally determined dislocation-creep flow laws [Ranalli, 1995, Tables 10.1 and 10.3] . The viscosity of partially molten rocks was taken to be constant and the influence of this constant on model development was investigated.
Governing Equations and Numerical Implementation
[14] We use the following equations for the conservation of mass, momentum and energy, describing multiphase viscoplastic flow in Cartesian coordinate frame:
[15] The incompressible continuity equation
The Stokes equations 
The Lagrangian temperature equation includes latent heat effects of phase transformations in the crust and mantle by using effective values of heat capacity and (de)compression heating/cooling [Gerya et al., 2004a] .
where x and y are horizontal and lateral (along strike) coordinates, respectively; z is vertical coordinate with the axis directed downward; v x , v y , and v z indicate the components of the velocity vector v; t is time; s xx , s yy , s zz , s xy , s xz , s yz are the components of the viscous deviatoric stress tensor in Pa; _ e xx , _ e yy , _ e zz , _ e xy , _ e xz , _ e yz are the components of the strain rate tensor; P is the pressure, g z = 9.81 m/s 2 is the gravitational acceleration, T is the temperature, and the density r(P, T, C, M) depends explicitly on the temperature, the composition, and the equilibrium mineral composition [Gerya and Yuen, 2003b] , k(T, c) is the variable thermal conductivity [Clauser and Huenges, 1995] , C p is the effective isobaric heat capacity, i.e., incorporating latent heat; H is rock enthalpy; H r , H P and H s denote radioactive heat production (Table 2), the a Unless indicated otherwise thermodynamic data were taken from Powell [1998] (revised 2002) . The compositional variables w, x, y, and z may vary between zero and unity and are determined as a function of pressure and temperature by free-energy minimization. Thermodynamic data for the iron end-member for antigorite solution was estimated as described by Rupke et al. [2004] . 2009GC002625 energetic effect of isothermal (de)compression, and shear heating, respectively, in W m À3 . We note that we have employed the multigrid method described in the textbook [Gerya, 2009] . for solving the 3-D momentum equations (equation (2)), because of the memory considerations prevent the usage of the direct method.
Geochemistry Geophysics
[16] The viscosity of mantle rocks dependent on strain rate, pressure and temperature is defined in terms of deformation invariants [Ranalli, 1995] as:
where _ e II = 1/2_ e ij _ e ij is the second invariant of the strain rate tensor; A D , E a , V a and n are experimentally determined dislocation-creep flow law (Table 2) parameters. F is a nondimensional coefficient depending on the type of experiments on which the flow law is based. For example:
; for triaxial compression and
for simple shear.
[17] The ductile rheology together with a brittle/ plastic rheology yields an effective viscoplastic rheology. For this purpose the Mohr-Coulomb yield criterion [Ranalli, 1995] is implemented by a limiting creep viscosity, h creep , as follows:
where P is the complete (nonlithostatic) pressure (i.e., the mean stress), c is the cohesion (residual strength at P = 0) and 8 is effective internal friction angle (Table 2) . Assuming high pore fluid pressure in hydrated rocks , the upper oceanic crust (basalts, sediments) was characterized by c = 1 MPa, sin8 = 0. Viscosity of partially molten rocks at P-T conditions above their wet solidus (Table 2 ) was taken as a constant (10 18 -10 21 Pa s in different numerical experiments).
[18] In our model, the presence of water affects the mantle rheology in a binary fashion inducing steplike change of the flow law from ''dry'' to ''wet'' olivine rheology (compare hydrated/serpentinized and dry mantle in Table 2 ). The reason for this approach is that our mantle hydration model requires saturation of the water content (up to 2 wt %, . Different model widths were tested since dimensions of plumes along the trench were not known a priori. It has been found that uniformly resolved 200 km wide models are indeed sufficient to capture major plume morphologies and dimensions. Therefore we concentrate our further analyses on these models. We discuss below 4 numerical models with different effective viscosities of partially molten rocks (range from 10 18 to 10 21 Pa s, see Table 4 ).
[20] The subducting slab retreats to the right in all of our models and the spreading center (Figures 1c  and 1d ) is spontaneously formed in the young left plate in response to its extension and cooling. Due to both the lateral growth of the extending overriding plate and the right shift of computational domain, the spreading center gradually approaches the left boundary of the model and then stabilizes at this boundary according to the imposed mantle weakening condition. Spreading center dynamics in our models is very similar to 2-D models of the retreating oceanic subduction [Nikolaeva et al., 2008; Gerya et al., 2008] where the entire retreating slab is present in the computational domain.
[21] In all runs, thermal-chemical partially molten plumes (Figure 1b) , which are 100-300°C colder than the surrounding mantle (Figure 1c) , develop within the first 10 Myr. The geometry and pattern of the plumes vary with time, producing very complex spatial and temporal signature. In section 3.2, we describe in detail three major types of plume development obtained in our numerical experi- Table 4 ) as the reference case since small-scale purely thermal convection is likely to occur when the viscosity of the LVW is <10
19 Pa s [Honda and Saito, 2003] . After initiation of retreating subduction across an imposed fracture zone [Hall and Kincaid, 2001; Nikolaeva et al., 2008] , aqueous fluids from dehydration of the descending slab hydrate the overlaying mantle [Arcay et al., 2005; Gerya et al., 2006; Gerya and Yuen, 2003b; Iwamori, 1998 Iwamori, , 2004 Schmidt and Poli, 1998 ], thus lowering the viscosity and density of the mantle above the slab (Figure 1d ) and triggers Rayleigh-Taylor-like instabilities (Figure 1c ). Compositionally buoyant hydrous plumes consisting of hydrated and molten mixed rocks (Figures 1b, 2a , and 2b) initiate from the slab and rise upward through the hot mantle wedge Gerya and Yuen, 2003b; Gorczyk et al., 2007a] .
[23] Early model development (1 -1.5 Myr) is characterized by the rapid retreat and descent of the initially flat slab, accompanied by the appearance of randomly distributed, finger-like plumes at depths around 20 -30 km. Between 1.8 and 2.2 Myr, finger-like plumes start to align along the trench and thus forming a roll-like structure (Figure 3a ). Then they become gently curved in a zigzag manner at around 2.6 Myr (Figures 2a  and 3b) . In Figures 2c-2h we look downward on these small-scale thermal-chemical instabilities taken at depths of 30 km (Figures 2c-2e ) and 50 km (Figures 2f -2h) . One can observe the changes in the morphology of the diapirs as they rise upward. The individual plume heads are elongated as a flat surface perpendicular to the trench while plume roots mainly form a trench-parallel structure near the slab surface. The lateral variations in composition, temperature and viscosity are pronounced along the trench. Finger-like plume development (Figures 3a and 3b) shows the waxing and waning nature of these instabilities on a time scale of several million years. This process is similar to the ''flip-flop'' in the temperature structure (on the time scale around 2 Myr) discovered in small-scale purely thermal convection in the mantle wedge [Honda and Yoshida, 2005] . However, the temper- Table 4 ). (a) The 1350 K isosurface of temperature at 2.64 Myr. (b) Same temperature isosurface (yellow) with partially molten rocks, which are responsible for plume buoyancy, shown in red. Top view of the thermal-chemical plumes (Figures 2a and 2b) including (c-e) plume heads at 30 km depth and (f-h) plume roots at 50 km depth. Figures 2c and 2f show composition, Figures 2d and 2g show temperature, and Figures 2e and 2h show viscosity. The color codes are the same as in Figure 1 . ature oscillation periods in our model are notably longer (2-7 Myr), suggesting longer stable periods of thermal-chemical plumes. The pronounced thermal anomaly associated with the trench-parallel plume structure decreases with time and nearly disappears at around 7 Myr (Figure 3c ).
[24] Another notable feature is the development of regular pattern of nonmonotonic thermal-chemical trench-normal ridges with 20 -50 km spacing around 7 -11 Myr after the beginning of the experiment. This occurs after the early trenchparallel structure disappears. The thermal anomalies associated with these ridges are also transient and become negligible at around 11 Myr.
[25] In the time period of 11-18 Myr, randomly distributed and relatively small-scale (2-3 km in diameter) finger-like instabilities appear at various depths (50-150 km). But no negative temperature anomaly is noticed. During this period, overriding plate cools and is thermally thickened. Also the trench retreat rate decreases, and the slab becomes significantly steeper (compare Figures 3d and 3e) .
[26] Finally in the late simulation period (>18 Myr), wave-like morphologies develop from gentle dome- (Figures 3e  and 3f) . Their initial growth rates are relatively slow, but become pronounced at about 28 Myr. Similar upward propagating wave-like instabilities were also found in the 2-D models of subduction [Gerya et al., 2004c; Nikolaeva et al., 2008] but their actual 3-D geometry remained unclear. Wavelike structures propagate upward followed by trench-normal ridges with 12-30 km spacing atop the slab at deeper depths (140 -175 km). The individual waves are connected by the notable trench-parallel roll/sheet-like structure which is curved in a zigzag manner (compare Figures 3e  and 3f ). Details are investigated for composition and temperature fields across two wave-like structures shown in Figure 3f at 28.85 Myr after the beginning of the experiment. In Figure 4 , we display from the 3-D solution with approximately 38 million markers a 2-D cross section showing the compositional and temperature fields. The left cold wave is larger than the right one, but the right cold wave is adding more mixed molten rocks (including subducted sediments) into the thermally relaxed head of the bigger plume formed below the overriding plate by material addition from the previous episodes of plumes development. The slab inclination becomes steeper and steeper and the thickness of the overriding plate becomes thicker and thicker than those in the earlier stages (compare Figures 1  and 4) . From this view we can discern their resemblance to the 2-D solutions [Gorczyk et al., 2007a] , hydrated partially molten thermal-chemical plumes Figure  1 . Black lines are isotherms in°C. Irrespective of the significant cooling of the overriding plate, the spreading center is stabilized at the left boundary of the model due to the imposed mantle weakening. 2009GC002625 are responsible for the heterogeneous composition of the mantle wedge. Also similarly to 2-D models, sediments supplied at the trench are subducted toward asthenospheric depths and are partly detached from the slab, thus typically forming rather minor fraction of the plumes (Figure 4b ).
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Model With 10
19 Pa s Viscosity of Partially Molten Rocks [27] In this model (ftg in Table 4 ), the viscosity of partially molten rocks is an order of magnitude higher than that in the reference model. The dynamics of plume development in this model is largely similar to that of the previous reference model (Table 4 ). The significant change is the increase of the spacing between plumes. This is in particular significant in the wave-like structures (compare Figures 3e, 3f, 5a , and 5b) and in the trench-normal ridges (compare Figures 3c, 3d, 5c , and 5d). These types of plumes also become thicker and more pronounced thermally (including Table 4 ). Figures 5e and 5f show roll-like structures (ftd and fth in Table 4 ). 2009GC002625 appearance of finger-like features) in the upper part of trench-normal ridges (Figure 5c ).
Geochemistry Geophysics
[28] In Figure 6 , details of the composition and temperature field have been shown for the thermalchemical trench-normal ridges in Figure 5d . The ridge-like diapirs rise upward from the subducting slab and then go up to the hotter mantle wedge, and these ''cold plumes'' consist of a complex mixture of a partially hydrated molten rocks with both subducted rocks and primitive mantle rocks. Moreover, there are pronounced lateral variations of composition and temperature along the trench caused by compositional buoyancy according to the interval and magnitude of the ridges.
Models With 10
20 -10 21 Pa s Viscosity of Partially Molten Rocks [29] The dynamics of these models (ftd, fth in Table 4 ) with 100-1000 times higher viscosity of partially molten rocks in the reference model is notably different from the previous models, characterized by notably slower subduction. The initial stage of development (1-2 Myr) is manifested by trench-parallel roll/sheet-like structures. In contrast to the lower-viscosity models, no finger-like plumes develop atop these structures that subduct together with the slab. Several structures form subsequently at depths of 30-50 km, with the spacing around 100 -150 km along the slab (Figure 5e ). The structures are subducted downward and become gently curved in a zigzag manner.
[30] At the later stage (2-11 Myr) strongly flattened (sheet-like) trench-parallel and gently curved plumes develop from the roll-like structures at depths of 30-50 km (Figure 5f ). Lateral spacing between individual sheet-like plumes is about 70-100 km (Figure 5f ). This is also confirmed by our numerical experiments with 400 km wide models. In the final stage (>11 Ma), no pronounced plume structures appears, except weak thermal perturbations atop the slab which are caused by compositional buoyancy of subducted rocks (sediments, serpentinites). Figure 5d . Main cross section shown in the top left corner corresponds to the first ridge from the right in Figure 5d . AA 0 is the vertical cross section (y-z plane), and BB 0 and CC 0 are horizontal cross sections (x-y planes) at 70 km and 100 km depth, respectively. Color code for composition and temperature is the same as in Figure 1 . tite and subducted rocks can be roughly calculated according to the following simplified linear model [Gerya and Yuen, 2003b] :
where M is the volumetric fraction of melt with temperature; T solidus , T liquidus are wet solidus and dry liquidus temperature, respectively, at given pressure and rock composition ( Table 2 ). The average volumetric melt production rate per unit surface (km 3 /km 2 /Myr = km/Myr) can be then computed between two time steps, by multiplying an average Lagrangian time derivative of M below a given surface area (@M/@t, 1/Myr) to the height of the averaged column (170 km in our experiments). In Figure 7a we have shown the spatial intensity of the melt production beneath the surface of the reference model during the 2-4 Myr after the beginning of the experiment (Figures 2, 3a , and 3b). Peaks of the melt production indicate individual thermal-chemical plumes. We can discern the linear structure close to the trench, and another line of peaks in linear pattern, which is approximate 200 km away from the trench. The former ones are mainly from the depth of 50-70 km; the latter ones are mainly from the depth of 140-170 km. Figure 7b shows the melt productivity in time by visualizing the isosurface (0.6 km 3 /km 2 /Myr) of melt production intensity. The plume-like structures are reflected by distinct ''cigar-like'' features that are bounded in both time and space (Figure 7b ). Each ''cigar'' corresponds to the activity of a distinct plume that (1) increases the melt productivity during the early stage (Figure 3a) when the growing melt production is related to decompressing and heating of the rising plume material and (2) decreases the melt productivity during the later stage (Figure 3b ) when the temperature, the pressure and the degree of melting stabilize inside the horizontally spreading and thermally relaxing plume.
[32] Similar ''cigar-like'' melt productivity patterns can also be inferred for natural subduction zones, e.g., by spatial and temporal distributions of volcanic activities in the subduction zone of northeastern Japan (Figure 8 ). Regarding 182 volcanoes in the northeast Honshu arc during the past 10 Myr as volcanic activity ''markers,'' we can interpolate the markers to the space-time grid with spatial and temporal resolution of 22 km Â 22 km Â 3 Myr using trilinear interpolation scheme. The ages of volcanic rocks or volcanism are inferred from the chronological and stratigraphic studies [Honda and Yoshida, 2005; Honda et al., 2007] . Figure 8 shows that the density of volcanoes changes in time: formation of spatially confined clusters that remain active within certain period of time, and could be possibly related to the activity of individual thermal-chemical plumes. The spatial periodicity (50-100 km) and the life extent (2-7 Myr, see the lengths of ''cigars'' in time in Figure 8b ) of such volcanic clusters are comparable to the modeled wavelength (25-100 km) and the growth time (2-7 Myr, see the lengths of ''cigars'' in time in Figure 7b ) of the thermal-chemical plumes indicated by our study. The existence of two contemporaneous trench-parallel lines of melt productivity (Figure 7b ) shown in our experiments is similar to the natural observations: two trench-parallel lines of Quaternary volcanic density maxima in Figure 8a (in particular, at 6 Ma). To explain such phenomena, Wyss et al. [2001] have proposed an additional source of fluids to be located at the top of the slab (at about 150 km depth). Their proposition is based on the velocity tomography in the mantle wedge above the slab, and on the mapping of earthquake size distribution within the mantle wedge. Geochemical evidence [Kimura and Yoshida, 2006] for Quaternary lavas from the NE Japan arc also shows the deeper mantle-derived rear-arc lava coming from 100-150 km depth.
Physical Controls on Mantle Wedge Plume Development
[33] Our numerical simulations show that three types of upward moving plumes occur above the slab-mantle interface: (1) the finger-like plumes forming roll/sheet-like structures parallel to the trench (Figures 2, 3a , and 3b); (2) the ridge-like structures perpendicular to the trench (Figures 3c,  3d , 5c, 5d, and 6); and (3) the flattened, wave-like instabilities propagating upward along the upper surface of the slab and forming zigzag patterns parallel to the trench (Figures 3e, 3f, 5a, and 5b) . The strong tendency of forming of trench-parallel patterns (e.g., roll-like structures and sheet-like plumes, Figures 5e and 5f) in all of our models is mainly due to the planar nature of subduction which continuously and rather uniformly supplies hydrated chemically buoyant rocks along the trench (e.g., trench sediments and serpentinites formed by hydration of the overriding plate) [Gerya et al., 2002] . In contrast, the appearance of zigzag and trench-normal patterns is resulted from a nonstatic origin: the inclined subducting, (Figure 7b ) of the modeled melt production intensity at the surface. positively buoyant and hydrated layer formed atop the slab [Gerya and Yuen, 2003b; Richard and Bercovici, 2009] . In the layer the buoyancy force competes with the subduction drag. The buoyancy force becomes stronger in steeper slabs and promotes upward movements inside this layer (both slab-normal and slab-parallel [e.g., Gerya et al., 2004a] ). On the other hand, the subduction drag tends to displace and stretch roots of the forming plume structures along the slab. This is also complemented by the development of Rayleigh-Taylor instabilities in both trench-normal [Gerya and Yuen, 2003b] and trench-parallel [Richard and Bercovici, 2009] directions. Currently no simple analytical theory is applicable to the nontrivial systems. Further efforts are needed to better understand 3-D Rayleigh-Taylor instabilities growing from the inclined and moving subduction plane.
[34] The viscosity of the partially molten plume material is the main controlling factor on the geometry and wavelength of the plumes in the mantle wedge. In particular, the lowered viscosity (10 18 -10 19 Pa s) of partially molten rocks promotes aligned finger-like plumes from flattened to moderately inclined slabs (Figures 3a and 3b) . These plumes are replaced by trench-parallel roll-like instabilities and sheet-like plumes (Figures 5e and 5f) in higher-viscosity models (10 20 -10 21 Pa s). The pronounced trench-normal ridges and the wave-like structures are only found in the lowerviscosity models. Our results also show that lower effective viscosity of the partially molten rocks helps small wavelength Rayleigh-Taylor instability atop the slab. For example, in low-viscosity models (10 18 -10 19 Pa s), the typical spacing of finger-like plumes is about 30-45 km (Figures 3a and 3b) . However, in the high-viscosity models (10 20 -10 21 Pa s) plumes become rather sheet-like and the spacing increases to 70-100 km (Figure 5f ). Another example is that the typical spacing of the trench-normal ridges developing behind wave-like structures in the reference model (with low viscosity of 10 18 Pa s) is around 15-25 km ( Figures 3c and  3d) ; it increases to 25-40 km in the model with a higher viscosity of 10 19 Pa s (Figures 5c and 5d) . Similarly, the maximum spacing between wave-like structures increases from 100 km (at 10 18 Pa s, Figure 3f ) to 200 km (at 10 19 Pa s, Figure 5a ).
[35] It is also noteworthy that the geometry of the LVW in our model is very complex which is caused by water release from the slab (Figure 1 ) and its secondary effects including lowering viscosity and melting point in the mantle wedge.
[36] Another crucial parameter for the plume stability is the chemical density contrast caused by the compositional buoyancy of partially molten rocks [Gerya and Yuen, 2003a, 2003b] . In particular, the plume stability can be strongly affected by the buoyancy reduction related to melt extraction processes [e.g., Nikolaeva et al., 2008] . Our additional numerical experiments indicate that lowering the partially molten buoyancy to 30 kg/m 3 will strongly suppress plume development. Therefore, details of the plume development should be further studied by using more realistic 3-D models involving melt extraction and volcanic crust growth [Nikolaeva et al., 2008] , which may help us understand precise process of the volcanoes related to subduction.
